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1. Introduction {#sec0005}
===============

Urine presents a highly preferred biofluid in disease detection due to its non-invasive accessibility, allowing fast and easy sampling, that can even be carried out by patients themselves. Due to its broad variety in proteins, metabolites, cells and cellular contents not only from the urogenital tract, but also from glomerular filtration of plasma, urine offers great potential for comprehensive analyses of an individual's physical and pathological condition \[[@bib0005]\]. For some time, urine proteomics and transcriptomics have already been investigated for prostate or bladder cancer identification \[[@bib0010], [@bib0015], [@bib0020]\]. However, a consistent approach for sample collection and handling across all clinical disciplines prior to any downstream "-omics" analysis, and transcriptomics in particular, has yet to be established. Additionally, many pathological conditions remain unnoticed until their significant manifestation, due to the lack of trustable and precise biomarkers for early disease detection and prevention.

Besides total urine analysis, more and more research points towards urinary extracellular vesicles (uEVs) as promising cellular candidates for reliable biomarker identification. EVs are secreted by all cell types as important mediators in intercellular communication and are thought to reflect physiological as well as pathophysiological changes of their secreting tissues \[[@bib0025],[@bib0030]\]. With a size ranging from 50 up to 200 nanometers (nm), the bilayered exosomes putatively represent the smallest and best described type of EVs \[[@bib0025],[@bib0035],[@bib0040]\]. By now, those small EVs were already investigated by numerous research groups from various biological fluids, with the major focus on blood derived compartments \[[@bib0045], [@bib0050], [@bib0055], [@bib0060]\], saliva \[[@bib0065]\], milk \[[@bib0070],[@bib0075]\], cerebrospinal fluid \[[@bib0080]\], semen \[[@bib0085]\], ascites \[[@bib0090]\], and urine \[[@bib0095],[@bib0100]\]. Previous studies focusing on urine demonstrated intense uEV secretion from all parts of the nephron and collecting duct, whose content is characteristic for the urinary tract, including kidney, ureter and bladder \[[@bib0105], [@bib0110], [@bib0115]\]. Since Valadi et al. discovered in 2007 that particularly small EVs contain functional RNAs including microRNA (miRNA) \[[@bib0120]\], small EV-miRNA has come to the fore. As part of the non-coding RNA family with an average size of 22 nucleotides (nt), miRNAs rank amongst the most fundamental post-transcriptional regulators, mediating gene silencing by inhibition or degradation of complementary messenger RNA (mRNA) \[[@bib0125],[@bib0130]\]. Contrary to free urinary miRNAs, small EV-miRNAs are protected against prevalent RNA-hydrolyzing enzymes by the vesicular membrane, but also when bound to argonaute-2 proteins (Ago2) and lipoproteins \[[@bib0135], [@bib0140], [@bib0145], [@bib0150]\]. Driven by their non-invasive accessibility and exceptional stability as well as recent advances in nucleic acid quantification, both EV and non EV derived urinary miRNA profiles have emerged as promising discriminators for disease progression of bladder cancer \[[@bib0155]\], chronic kidney disease \[[@bib0160]\], type 1 diabetes \[[@bib0165], [@bib0170], [@bib0175]\], lupus nephritis \[[@bib0180]\] and primary focal segmental glomerulosclerosis \[[@bib0185]\], exemplarily. Despite the multitude of uEV research, no concordance exists on the best possible isolation and, at the same time, an extensive characterization of the isolated vesicles is only poorly reported. According to EV-TRACK \[[@bib0190]\], a crowdsourcing platform providing higher transparency on EV-related experiments, staggering 34 different strategies for EV isolation from urine have already been applied in more than 130 experiments, emphasizing the pressing need for more standardized protocols.

Indeed, more and more researchers realized the necessity of comprehensive sample characterization and proper uEV purification to provide high reproducibility and comparability. At present, the MISEV guidelines are state of the art for reliable and valid EV research \[[@bib0195]\]. Based on best sample knowledge, appropriate purification methods suitable for any downstream analyses can be applied. With ultracentrifugation being the gold standard for a long time, closer examinations of the different received compartments during centrifugation as well as performance optimization via combined application of different methods were attempted \[[@bib0100],[@bib0200],[@bib0205]\]. Additionally, various new isolation kits have been developed and commercialized \[[@bib0210]\]. Moreover, to improve the quality and understanding of the purified material, many efforts comparing major purification strategies based on EV morphology, proteome and nucleic acid content were made, outlining prevailing advantages and pitfalls depending on the respective sample type, purification strategy and downstream analyses \[[@bib0215], [@bib0220], [@bib0225], [@bib0230], [@bib0235], [@bib0240]\].

In terms of valuable biomarker discovery, either related to EVs or not, small RNA sequencing (RNA-Seq) has been evidenced as the most promising tool, especially by detecting both novel and known miRNAs. Although small RNA-Seq results have been shown to be strongly dependent on the chosen isolation strategy of miRNA originating from serum EVs \[[@bib0055],[@bib0245]\], an equivalent screening of isolation-dependent effects on urinary derived EV-miRNA is still absent. Up to now, it has not been ascertained adequately whether the application of small RNA-Seq is possible for uEV derived miRNA, and which uEV purification strategy would deliver the most reproducible and reliable results. To this end, we aimed to test for general feasibility of small RNA-Seq of uEV-miRNA by applying five different EV isolation strategies and evaluating their success in small RNA-Seq. In addition, uEVs were characterized according to MISEV guidelines \[[@bib0195]\]. Particularly, particle concentration, morphology and protein content of purified uEVs were analyzed to provide sound sample knowledge, thus, contributing to forward-looking urinary biomarker research.

2. Methods {#sec0010}
==========

2.1. Urine sampling and processing {#sec0015}
----------------------------------

Spontaneously voided urine from six healthy male and non-smoking subjects aged between 18 and 36 was collected into sterile containers. Ten ml urine were aliquoted instantly and saved for the determination of urinary creatinine concentration. The remaining urine was kept at 4 °C in the dark for no longer than eight hours. Then, to sediment cells, urine was centrifuged at 4 °C at 300 x g for 10 min. The supernatant was centrifuged another 20 min. at 4 °C at 2,000 x g to pellet cell debris and larger particles. The resulting cell-free urine was stored at 80 °C until further processing. Written informed consent has been obtained from every participant as part of an ethically approved study (test number 359-14) with consistent compliance with the Declaration of Helsinki \[[@bib0250]\].

2.2. Urinary creatinine determination {#sec0020}
-------------------------------------

The urinary creatinine level was determined by an external laboratory based on the Jaffé method \[[@bib0255]\], which is a kineticcolour reaction test happening in an alkaline medium in presence of picric acid (AU 5800, Beckman Coulter). As it has been shown that urinary creatinine is strongly correlated with uEV number and urine dilution conditions, and, thus, is highly suitable for normalization purposes, it has been applied to account for individual differences \[[@bib0260],[@bib0265]\].

2.3. Extracellular vesicle purification {#sec0025}
---------------------------------------

Frozen urine samples were slowly thawed over-night at 4 °C and vortexed vigorously. Five different strategies were utilized to purify small EVs from cell-free urine (see [Table 1](#tbl0005){ref-type="table"}).Table 1Overview of applied strategies to purify small extracellular vesicles from urine.Table 1Purification type:Based on:Manufacturer:ASpin column chromatographyUrine Exosome Purification and RNA Isolation Midi Kit (Norgen Biotek, Norway)BImmunoaffinityExosome Isolation Kit Pan, human (Miltenyi Biotec, Germany)CMembrane affinityexoRNeasy Serum/Plasma Midi Kit (Qiagen, Germany)DPrecipitationmiRCURY Exosome Isolation Kit -- Cells, urine and CSF (Exiqon, Denmark)EUltracentrifugation with density gradientOptima LE-80 K (Beckman Coulter, USA) and OptiPrep (Merck, Germany)

Since every purification strategy is optimized for different input volumes, Amicon Ultra-15 Centrifugal Filter Devices (100 K, Ultracel membrane of regenerated cellulose, Merck, Germany) were used to concentrate 10 ml cell-free urine, each, to the recommended input volume according to the manufacturer's instructions. The concentration and purification process was conducted in duplicate from which one was used for subsequent EV characterization via nanoparticle tracking analysis (NTA), Western blot analysis and transmission electron microscopy (TEM), and the other one used as starting material for RNA isolation and small RNA-Seq.

EVs from concentrated urine were isolated consistent with the provided manuals (A to D). In terms of ultracentrifugation (E), a modified protocol already published by Greening et al. \[[@bib0270]\] was applied. In brief, 4 ml concentrated cell-free urine were centrifuged at 4 °C for 30 min. at 17,000 x g (k-factor: 987.4) in a SW60Ti swinging-bucket rotor (Beckman Coulter Optima LE-80 K, USA). The recovered supernatant was transferred into a new centrifugal tube and centrifuged another two hours at 4 °C at 100,000 x g (k-factor: 167.9) in a SW60Ti swinging-bucket rotor. The resulting pellet was resuspended in 750 μl 1x PBS and loaded on top of a discontinuous 5--40 % OptiPrep density gradient. Prepared as such, an over-night centrifugation for 18 h was conducted at 4 °C at 100,000 x g (k-factor: 390.8) using the SW40Ti swinging-bucket rotor. Eleven fractions of 900 μl, each, were recovered from top-to-bottom and washed once in 1x PBS at 4 °C for one hour at 100,000 x g (k-factor: 277.5). After discarding the supernatant, the obtained pellet was retained in 100 μl 1x PBS. A separate control density gradient loaded with double-distilled water was prepared and centrifuged alongside samples. The thereby obtained fractions were applied to a refractometer for density calculation.

Purified uEVs from all five purification methods (A--E) were stored at −80 °C until RNA isolation and subsequent small RNA-Seq. Samples for uEV characterization were vacuum-evaporated to a final volume of around 45 μl. The actual volume was determined to calculate initial uEV concentrations in urine based on NTA results. uEV samples were then stored at -80 °C until further processing.

2.4. Nanoparticle tracking analysis {#sec0030}
-----------------------------------

Particle concentration as well as size distribution of uEV preparations were measured using the ZetaView PMX110 (Particle Metrix, Germany) and the corresponding software, version 8.04.02 SP2. After instrument calibration, the temperature was clamped at 24 °C, and the pre-acquisition parameters to measure scattered light (SM) were set to a shutter of 70, frame rate of 30 and a sensitivity of 80% at high resolution. Post-acquisition parameters were adjusted to a minimum brightness of 25, size range of 5--1,000 nm and a trace length of 15. Appropriate sample dilution in 1x PBS was evaluated before every measurement. To discriminate between biological and non-biological particles, such as the microbeads contained within the immunoaffinitybased EV purification, all samples were mixed with 5 μg/ml CellMask Orange Plasma Membrane Stain (Invitrogen, USA), incubated at 37 °C for 30 min. and additionally measured in the fluorescence mode (FM) of the instrument. Besides adjusting sensitivity to 95%, all software settings were kept the same for scatter and fluorescence analyses. To account for the sensitivity adjustment in the fluorescent mode, a correcting calibration factor was introduced according to the manufacturer's recommendations. uEV concentration was re-calculated according to Eitan et al. \[[@bib0275]\] accounting for sample dilution, EV sample volume and starting urine volume. The re-calculated particle concentrations were normalized to urinary creatinine (U~Crea~) \[[@bib0260]\]. Using GraphPad Prism, version 7.04, one-way analysis of variance (ANOVA) with Tukey post-hoc test was performed to determine significance of results and adjust for multiple comparisons. Adjusted p values \< 0.05 were treated as significant.

2.5. Western blotting {#sec0035}
---------------------

For Western blotting, thawed EV samples were lysed in 1x RIPA buffer supplemented with protease inhibitors for 15 min. on ice supported by three 1 min bouts of ultrasonication. Depending on the investigated proteins, samples were analyzed in either reducing (Laemmli buffer + β-mercaptoethanol; 10 min. at 95 °C) or non-reducing (Laemmli buffer, 5 min. at 95 °C) conditions. 20 μl of protein lysate, each, were loaded onto SDS-PAGE gels (NuPAGE Bis-Tris,4--12 %; Invitrogen, USA). Whole cell lysates from HEK293 (8 μg; OriGene Technologies, Inc, USA) and HeLa (10 μg; OriGene Technologies, Inc., USA) cells were loaded as positive controls. The separated proteins were transferred to a nitrocellulose membrane with a 0.45 μm pore size (GE Healthcare Life Sciences, USA). After blocking the membrane in blocking buffer, containing 1% skim milk powder in 1x TBST, for one hour at room temperature, it was incubated over-night with the primary antibody at 4 °C, followed by another incubation with the secondary antibody for one hour at room temperature. Afterwards, the membrane was incubated with Clarity Western ECL Substrate (Bio-Rad, UK) for five minutes at room temperature allowing for chemiluminescent signal capturing using the Fusion FX6 system (Vilber, France).

The following primary antibodies were used, diluted in blocking buffer: goat anti-Calnexin (WA-AF1179a, Biomol, 1:2,500), mouse anti-Uromodulin (Clone B-2, sc-271022, Santa Cruz, 1:100), rabbit anti-Alix (ab186728, Abcam, 1:1,000), rabbit anti-EPCAM (ab32392, Abcam, 1:1,000), rabbit anti-Syntenin (Clone EPR8102, ab133267, Abcam, 1:5,000), mouse anti-TSG101 (Clone 4A10, ab83, Abcam, 1:800), mouse anti-CD63 (Clone TS63, ab59479, Abcam, 1:500), mouse anti-CD81 (Clone M38, ab79559, Abcam, 1:833), and rabbit anti-CD9 (ab92726, Abcam, 1:1,000). All proteins except CD63 and CD81 were investigated under reducing conditions. The secondary antibodies conjugated to horseradish peroxidase were purchased from Abcam and diluted in blocking buffer (1:6,666): goat anti-Mouse (ab97040), goat anti-Rabbit (ab97080), and rabbit anti-Goat (ab97105).

2.6. Transmission electron microscopy {#sec0040}
-------------------------------------

Five μl of each uEV preparation were left to adhere onto formvar carbon coated grids (Nickel Grid 200 mesh; Electron Microscopy Sciences, USA) for five minutes followed by five minutes of negative staining with 2% aqueous uranyl acetate. Excess liquids were blotted. Total grid preparation was performed at room temperature. Images were acquired of air-dried grids on the same day at 80 kV using the Zeiss EM 900 instrument (Zeiss, Germany).

We have submitted all relevant data of our uEV experiments to the EV-TRACK knowledgebase (EV-TRACK ID: EV190007) \[[@bib0190]\].

2.7. Extracellular RNA isolation {#sec0045}
--------------------------------

The miRNeasy Mini Kit (Qiagen, Germany) was used to extract total RNA from all uEV samples. Due to different uEV elution volumes, the amount of used QIAzol lysis reagent was adapted according to the manufacturer's recommendations. To achieve a higher RNA yield, the first eluate of 30 μl was applied to the membrane a second time. Isolated RNA was quality controlled and quantified by capillary gel electrophoresis using the RNA 6000 Pico Kit (Agilent Technologies, Germany) and the Bioanalyzer 2100 (Agilent Technologies). Total RNA was stored at -80 °C until library preparation.

2.8. Small RNA library preparation and sequencing reaction {#sec0050}
----------------------------------------------------------

After complete vacuum evaporation, total RNA samples were resuspended in 12 μl nuclease-free water. The manufacturer's instructions provided with the NEBNext Multiplex Small RNA Library Prep Set for Illumina (New England BioLabs, USA) were followed to prepare small RNA libraries. Recommended adjustments for minimal RNA input amount were carried out additionally. The MinElute PCR Purification Kit (Qiagen, Germany) was utilized to purify resulting PCR products prior to cDNA library evaluation via capillary gel electrophoresis using the DNA 1000 Kit and the Bioanalyzer 2100 (Agilent Technologies) according to the manual. For size selection at a miRNA-specific length of 130--150 base pairs, barcoded cDNA libraries were pooled to 5 ng cDNA input and fractionated on a 4% agarose gel (MetaPhor, USA). Bands appropriate in size were cut and cleaned up using the MinElute Gel Extraction Kit (QIAGEN GmbH, Germany). Correct size and purity of the cut cDNA band were analyzed via capillary gel electrophoresis using the Bioanalyzer DNA High Sensitivity Kit (Agilent Technologies) before sequencing via 50 cycles of single-end sequencing-by-synthesis reactions using the HiSeq Rapid SBS Kit v2 (Illumina, USA) on the HiSeq 2500 instrument (Illumina, USA).

2.9. Small RNA-Seq data analysis {#sec0055}
--------------------------------

The FastQC software (Babraham Bioinformatics, UK, Version 0.11.7) was applied to check for the overall sequencing success, such as the per base sequence quality indicated by the Quality Phred Score and sequence length distribution, based on the imported raw sequencing data \[[@bib0280]\]. In the following, 3′ adapter sequences added during cDNA preparation were trimmed using Btrim \[[@bib0285]\] and reads without detectable adapter ("No_Adapter") were excluded. To avoid bias by false positive mappings introduced by reads shorter than 16 nucleotides ("Short"), corresponding reads were rejected, as well. Remaining reads were mapped to sequences obtained from RNAcentral, v9 \[[@bib0290]\] and those reads which belonged to other RNA classes ("rRNA", "snRNA", "snoRNA", and "tRNA") were omitted in ensuing processing. Further, thereby filtered reads were aligned to human precursor miRNA sequences obtained from miRBase, release 22, allowing for one mismatch during alignment using Bowtie \[[@bib0295],[@bib0300]\]. Residual reads were considered as unmapped ("Unmapped"). By summing up the hits per miRNA sequence, a read count table was generated which was loaded into R, version 3.5.1 \[[@bib0305]\]. Processed by the Bioconductor package DESeq2 (version 1.20.0) \[[@bib0310], [@bib0315], [@bib0320]\], only miRNAs with more than 20 DESeq2-normalized reads were treated as valid. Exploratory data analysis was visualized by Venn diagrams, principal component analysis, hierarchical clustering and heatmap based on Euclidean distances. DESeq2 internal differential gene expression (DGE) analysis was conducted to determine significant differences in miRNA detection dependent on the applied EV purification method. A Benjamini-Hochberg adjusted p value \< 0.05 and a log2 fold change \> \|1\| was set as level of significance. Raw data of trimmed sequence reads obtained by small RNA-Seq are accessible in the European Nucleotide Archive (accession number PRJEB30403) (<http://www.ebi.ac.uk/ena/data/view/PRJEB30403>).

3. Results {#sec0060}
==========

3.1. Quantitative characterization of purified urinary extracellular vesicles {#sec0065}
-----------------------------------------------------------------------------

In order to evaluate purification-specific differences, protein composition as well as size and concentration of uEVs were examined. For the quantification and size determination of purified uEV samples, NTA was performed in two different experiments ([Fig. 1](#fig0005){ref-type="fig"}). First, all available particles were measured in the scattering mode (SM). Second, only particles stained with the membrane dye were analyzed in the fluorescence mode (FM). For the latter approach, any autofluorescence was excluded beforehand. Overall, the mean and modal particle diameters overlapped broadly ([Fig. 1](#fig0005){ref-type="fig"}a). The widest size distribution, ranging from nearly 100 to 250 nm, was observed in uEVs obtained by ultracentrifugation combined with density gradient (E). While most of these uEVs seemed to have a size around 160 nm in scattering and 145 nm in fluorescence measurements, a wide size dispersion was still apparent. Particle diameters ranging from 100 to 150 nm, with an average size of 125 nm in FM, were detected in uEVs obtained by spin column chromatography (A). The lowest particle diameters with sizes ranging from 80 to 120 nm were identified in SM for uEV samples purified by immunoaffinity (B), whereas an average size of 150 nm was ascertained in FM. This finding is mainly due to the unavoidable measurement of kit-derived magnetic beads that appear with a size of 30 to 80 nm according to the manufacturer, resulting in significant differences in size compared to competitors A (SM: p = 0.018), C (SM: p = 0.015) and D (SM: p = 0.006). uEVs purified by membrane affinity (C) emerged with a broad size distribution ranging from 120 to 220 nm, while the measured average size in FM was 120 nm. The size distribution of uEV samples derived from precipitation (D) was narrower; however, an averaged size of 145 nm was detected in both FM and SM.Fig. 1Results of size and concentration measurements of purified uEVs using nanoparticle tracking analysis (NTA) in scattering mode (SM, black) and in fluorescence mode (FM, blue): spin column chromatography (**A**), immunoaffinity (**B**), precipitation (**C**), membrane affinity (**D**) and ultracentrifugation combined with density gradient (**E**). (n = 6; p value, adjusted for multiple comparisons: \* \< 0.05, \*\* \< 0.01) **(a)** Illustration of the mean (box-whisker-plot: whiskers indicating minimum and maximum values) and modal (dot-plot: mean ± SD) particle diameter in nanometer (nm). **(b)** Detected particle concentration corrected for sample dilution and normalized to urinary creatinine (U~Crea~); left and right Y axes log10 transformed (mean ± SD).Fig. 1

Regarding concentration measurements of uEVs ([Fig. 1](#fig0005){ref-type="fig"}b), exceedingly few particles were detected in uEVs derived from E with an average of 8.4E + 10 and 5.1E + 10 particles/g U~Crea~, which was significantly less compared to B (SM: p = 0.012; FM: p = 0.003) and D (SM: p = 0.013, FM: p = 0.012). Similar amounts of particles were detected in uEVs purified by A, which yielded an average of 8.5E + 10 and 1.2E + 11 particles/g U~Crea~, which was still significantly less than in D (SM: p = 0.013; FM: p = 0.008). The highest particle concentration was observed in SM in samples purified by B (3.1E + 13 particles/g U~Crea~). However, this is again based on the presence of kit-derived magnetic beads, resulting in significant differences in particle concentration when comparing B to all other purification strategies (0.02 \> p \> 0.01). In FM, by contrast, concentrations of uEVs isolated by B dropped to 1.9E + 11 particles/g U~Crea~, which was still significantly higher than in E (p = 0.003). uEV samples purified by C emerged with a particle concentration of 1.0E + 12 particles/g U~Crea~ in SM, while the FM measurement resulted in 2.9E + 11 particles/g U~Crea~. Slightly higher particle concentrations were measured for uEVs derived from D, with 2.3E + 12 particles/g U~Crea~ (SM) and 4.3E + 11 particles/g U~Crea~ (FM).

3.2. Qualitative characterization of purified urinary extracellular vesicles {#sec0070}
----------------------------------------------------------------------------

As specified in the MISEV guidelines \[[@bib0195]\], the presence of EV-enriched and contaminating protein markers was assessed by Western blot analysis ([Fig. 2](#fig0010){ref-type="fig"}). All purified uEV samples appeared free from cellular contamination, as indicated by the absence of calnexin, which originates from the endoplasmatic reticulum. However, uromodulin, a very dominant 85 kDa protein in urine \[[@bib0325]\], was present in some samples, more precisely in protein lysates obtained from uEV samples purified by C and from the 1.18--1.24 g/ml fractions obtained by E. Unspecific bands in uEVs purified by B, as indicated with asterisks, corresponded to kit-derived murine immunoglobulin G (mIgG), which was confirmed by an individual mIgG staining (supplemental Figure A.1). An intense smearing above 115 kDa could be detected in uEV lysates obtained by D, pointing towards substantial contamination with a uromodulin isoform at higher molecular weight. Hsp70 and EPCAM were detected in none of the uEV lysates. Despite a hardly noticeably detection of Alix (around 100 kDa) in protein lysates purified based on A and C, a more visible band at 80 kDa was detected in D, and even sharper bands were identified for both isoforms in B and E (1.18--1.24 g/ml fraction). Clearly visible bands at 46 kDa, belonging to TSG101, were detected in B and E (1.18--1.24 g/ml fraction). Signal intensities for TSG101 were lower in D, while the purification methods A and C did not show any specific protein signal. Syntenin appeared with strong signals in B and E (1.18--1.24 g/ml fraction) (32 kDa), especially compared to C, where a band was barely identifiable. However, it was not substantiated neither in A nor in D. Regarding the tetraspanins CD9 and CD81, both were identified in B and D (around 20 kDa). CD9 was additionally detected in E (1.18--1.24 g/ml fraction). However, CD63 was solely confirmed in B with a characteristic smearing between 30 and 60 kDa.Fig. 2Western blot analysis of EV-specific protein markers in protein lysates obtained from five different purification types: spin column chromatography (**A**), immunoaffinity (**B**), precipitation (**C**), membrane affinity (**D**) and ultracentrifugation combined with density gradient (*E*). Uromodulin and calnexin indicate uEV contamination with non-EV structures. The other proteins are used as positive marker proteins. Asterisks indicate bands related to murine immunoglobin G. HEK and HeLa cell lysates were used as positive controls. The blot is representative of one sample with a urinary creatinine content of 1.04 g/l.Fig. 2

Further, when investigating uEV morphology by TEM, the results of nanoparticle tracking and Western blot analysis could be reinforced ([Fig. 3](#fig0015){ref-type="fig"}). All of the applied uEV purification methods appeared with high image qualities and EV typical "cup-shape" morphologies, which result from desiccation during grid preparation \[[@bib0330]\]. Since TEM size estimations are performed on desiccated uEVs, the corresponding sizes around 100 nm are smaller compared to the hydrodynamic sizes estimated in NTA. The broad size distribution, which was recognized in NTA in uEVs purified by E, was also noticed in TEM. Moreover, the huge sample contamination with uromodulin in D could be ascertained likewise, as indicated by the filamentous network \[[@bib0335]\]. Even though high-contrasting beads in B increase the overall background, a large number of small uEVs could be clearly detected. The lowest number of uEVs was detected in TEM preparations of C and D.Fig. 3Results of transmission electron microscopy (TEM). Urinary EV (uEV) samples were obtained by five different purification methods: spin column chromatography (A), immunoaffinity (B), precipitation (C), membrane affinity (D) and ultracentrifugation combined with density gradient (E). Images represent wide field and clos-ups (boxes at the lower left) of operator selected locations. Scale bar is the same for all images and represent 100 nm.Fig. 3

3.3. Characterization of urinary extracellular vesicle derived RNA in small RNA sequencing {#sec0075}
------------------------------------------------------------------------------------------

The uEV characterization was complemented by vesicle content analysis. First, total RNA was extracted from uEVs and analyzed using capillary gel electrophoresis (Supplementary Fig. A.2). Since 18S and 28S ribosomal RNA are not extensively present in EV-derived RNA \[[@bib0340]\], the RNA integrity numbers (RIN) generated by the Bioanalyzer's software are mainly used to assess the degree of cellular RNA contamination, which was largely inapplicable in this case (RIN 2.5 ± 0.3). Total RNA yields, also listed in [Table 2](#tbl0010){ref-type="table"}, were highest in uEVs obtained by D (542.0 ± 292.9 pg/ml urine), followed by C (457.0 ± 2116.8 pg/ml urine) and E (331.0 ± 233.0 pg/ml urine). The lowest RNA yields were detected for A (289.5 ± 134.0 pg/ml urine) and B (277.0 ± 90.0 pg/ml urine). When normalizing total RNA yields to urinary creatinine, accounting for every individual's urinary composition, the order of the different purification methods was similar, however, overall deviation was reduced due to this normalization.Table 2Performance indicators for RNA extraction and small RNA-Seq.Table 2ABCDETotal RNA \[pg/ml urine\] MEAN289.5277.0457.0542.0331.0 SD134.090.9216.8292.9233.0Total RNA \[ng/g UCrea\] MEAN456.3450.7697.5852.6523.0 SD86.372.6162.2289.7281.3Total readcounts \[million reads\] MEAN9.0110.813.614.111.0 SD1.792.902.803.811.49miRNA mapped readcounts \[%\] MEAN2.95.03.45.83.7 SD0.62.21.12.30.7Individually detected canonical miRNAs Absolute number102119114119124[^1]

In the following, small RNA-Seq was conducted to analyze the miRNA cargo of purified uEVs using a normalized input of 5 ng of purified cDNA libraries. The electropherogram of the size-selected cDNA library is depicted in Supplemental Fig. A.3. Quality control of sequencing results revealed a mean phred score of 39.5, indicating a base call accuracy of almost 99.99%. The obtained length distribution (Supplemental Fig. A.4) emerged with a single peak at 22 nt. Though there were no significant variances in total library sizes and the percentage of mapped miRNA reads, clear differences in small RNA-Seq performance were still noticeable. Library sizes ranged from 9.01E + 6 ± 1.79E + 6 reads (A) to 1.40E + 7 ± 3.81E + 6 reads (D), and miRNA-mapped reads ranged from 2.9 ± 0.6% (A) to 5.8 ± 2.3% (D) ([Table 2](#tbl0010){ref-type="table"}). For all uEV isolation methods, the majority of reads (\>70%) remained unmapped or was shorter than 16 nt and hence excluded from further alignments ([Fig. 4](#fig0020){ref-type="fig"}a). About 10% of total reads related to ribosomal RNA (rRNA), and an even smaller fraction to transfer RNA (tRNA).Fig. 4Assignment of small RNA sequencing results to different RNA species (n = 6): spin column chromatography (**A**), immunoaffinity (**B**), precipitation (**C**), membrane affinity (**D**) and ultracentrifugation combined with density gradient (**E**). (**a**) Mean relative frequency of reads that mapped to microRNA (miRNA), transfer RNA (tRNA), small nucleolar RNA (snoRNA), small nuclear RNA (snRNA), ribosomal RNA (rRNA), remained unmapped, were shorter than 16 nucleotides (short) or did not show any adapter). (**b**) Overlap of distinct miRNA species detected in sequencing libraries from each isolation method, data are filtered for miRNAs with more than 20 reads per group.Fig. 4

Reads that mapped to miRNAs were further examined for their diversity, revealing the detection of between 102 (A) and 124 (E) distinct miRNAs for all methods ([Table 2](#tbl0010){ref-type="table"}). [Fig. 4](#fig0020){ref-type="fig"}b depicts the attributions of identified miRNAs to each uEV isolation method, with an overlap of 80 shared miRNAs between all uEV purification strategies. Thirteen % (13/102) of the detected miRNAs were exclusively found in uEVs purified by A. Another 23 distinct miRNAs were found to be shared by the purification methods B to E, but not by A. The strongest overlaps of identified miRNAs were detected for D and E, sharing 93% (115/124) as well as B and E, sharing 91% (113/124) of detected miRNAs. An extensive list of all miRNAs detected with a mean expression of more than 20 reads per group can be found in the supplemental Table A.1. The top 10 of highest expressed miRNAs shared between all uEV purification strategies are displayed in [Table 3](#tbl0015){ref-type="table"}. The number of miRNA reads strongly depended on the chosen uEV purification method as illustrated by the percentage deviation from the miRNA reads' average calculated based on all methods.Table 3Top 10 expressed miRNAs identified by small RNA sequencing in every uEV isolation method.Table 3MEAN \[reads\]A \[%\]B \[%\]C \[%\]D \[%\]E \[%\]miR-451a18,970+110 (24)−3 (44)−9 (25)−65 (21)−32 (30)miR-148a-3p14,326−91 (4)+112 (118)+10 (76)+11 (29)−42 (25)miR-486-5p12,702+110 (28)−4 (46)−10 (27)−64 (22)−31 (32)miR-26a-5p6,547−82 (4)−13 (32)+2 (52)+51 (27)+42 (66)miR-92a-3p6,021+100 (27)−3 (37)−13 (22)−57 (19)−28 (26)miR-30d-5p5,251−78 (2)+28 (55)−4 (23)+54 (36)0 (31)let-7a-5p3,947−79 (4)+8 (47)+1 (30)+49 (32)+21 (61)miR-191-5p3,011+95 (24)−6 (40)−11 (18)−56 (16)−21 (24)let-7i-5p2,802−9 (10)−9 (15)−9 (23)+4 (14)+23 (33)miR-30c-5p2,127−66 (2)+4 (32)+30 (45)+28 (21)+4 (43)[^2]

3.4. Substantial differences in miRNA profiles of disparately purified urinary extracellular vesicles {#sec0080}
-----------------------------------------------------------------------------------------------------

Despite a large overlap of detected miRNAs, a clear separation of the miRNA profile in uEVs purified by A from miRNA profiles of all other methods was observed in principal component analysis ([Fig. 5](#fig0025){ref-type="fig"}a). miRNA profiles of uEVs isolated byB--E, however, were highly comparable. Similar findings were observed in hierarchical clustering analysis, which confirmed the definite separation of A from all other groups B--E ([Fig. 5](#fig0025){ref-type="fig"}b). As evidenced in differential gene expression (DGE) analysis, the partition of A was based on 63 significantly differentially expressed miRNAs when compared to the commonly used purification method (E) ([Fig. 5](#fig0025){ref-type="fig"}c). All 63 miRNAs significantly different between A and E are listed in Supplementary Table A.2. Analysis of the miRNA profiles of the other purification methods also revealed some significantly differentially expressed miRNAs, in total 15 ([Fig. 5](#fig0025){ref-type="fig"}c), however, these did not induce any purification-specific clustering ([Fig. 5](#fig0025){ref-type="fig"}a and b).Fig. 5Exploratory data analysis of differences in urinary miRNAs derived from distinct uEV purification strategies (n = 6): spin column chromatography (**A**), immunoaffinity (**B**), precipitation (**C**), membrane affinity (**D**) and ultracentrifugation combined with density gradient (*E*). (**a**) Principal component analysis of the complete miRNA gene set showing the first and second principal component (PC) of explained variance. (**b**) Heatmap and hierarchical cluster analysis indicated strong separation of A from other methods. (**c**) Venn diagram of significantly differentially detected miRNAs compared to E. Results were determined by DESeq2-based differential gene expression analysis and filtered for adjusted p value \< 0.05 and log2 fold change \> \|1\|.Fig. 5

4. Discussion {#sec0085}
=============

Urine contains a large number of EVs, which originate from different cell types and have proven to be remarkably stable \[[@bib0115],[@bib0260]\]. Particularly small uEVs carry a majority of urinary miRNAs and assure an even greater protection of urinary miRNAs compared to cells \[[@bib0100],[@bib0110],[@bib0345],[@bib0350]\]. On this basis, uEV-derived miRNA has become a promising candidate in current biomarker research, whereby untargeted approaches, such as small RNA-Seq, provide the greatest possibilities and are frequently used for deep miRNA profiling and even identification of novel miRNAs. Particularly diagnostics dealing with disease identification and progression monitoring, such as bladder or prostate cancer, could benefit from non-invasive biomarkers based on uEV-derived miRNA. However, sample processing is crucial, as it heavily influences the sequencing output and can thereby evoke misleading statements based on flawed data. Although the dependency of sequencing results on the chosen isolation method has already been demonstrated for serum samples \[[@bib0055]\], the influence and suitability of different uEV purification methods has not yet been examined. We therefore aimed to identify the most appropriate EV purification method for ensuing small RNA-Seq analysis. At the same time, we comprehensively characterized uEV samples by NTA, TEM and Western blot analysis in order to facilitate the proper interpretation of results.

By performing NTA, we observed significant differences in particle diameters and concentrations depending on the chosen EV purification method, indicating that each of the applied methods seems to preferably isolate different vesicular subpopulations with distinct properties and efficiencies. This might mainly be based on the heterogeneity of uEVs with respect to their size, solubility, density, surface proteins and cargo. It has additionally to be considered that the measurement in scattering mode (SM) does not discriminate between membrane-enclosed and non-enclosed particles, hence introducing a presumable overestimation of the actual uEV proportion of totally detected particles in SM. Indeed, when analyzing only membrane-stained particles in fluorescence mode (FM), we identified drops in particle concentrations to a varying extent combined with perceptible shifts in particle diameters. Those findings point towards unavoidable co-isolation of contaminating structures without membranes, mainly occurring in uEV samples purified by immunoaffinity (B), membrane affinity (C) and precipitation (D). Contaminants observed in B are principally introduced by the bead-based purification method itself and do not hinder downstream analyses. Methods C and D, however, are well known to unspecifically co-purify proteins and protein complexes \[[@bib0100],[@bib0355], [@bib0360], [@bib0365]\], which we could confirm by the drop in particle concentration in FM-NTA and the dominant uromodulin detection in Western blot analysis and TEM. Moreover, without additional cleanup, such heavy protein impurities could mask the detection of EV-specific protein markers such as CD63 and syntenin in Western blot analysis \[[@bib0055]\]. Even if precipitation-based purification methods can be performed in an expeditious manner, its major drawback of co-precipitates has to be well-considered in biomarker research, since a definite assignment of analyzed miRNAs to small uEVs would be hard to establish. Co-purification of uromodulin was also detected in uEVs obtained by ultracentrifugation combined with density gradient (E), albeit less pronounced. However, we did not observe extensive differences in vesicle diameter and concentration of uEV samples in SM and FM, which stands in contrast to reports of others, who identified heavy contaminations in ultracentrifugation-based preparations by NTA \[[@bib0100]\]. Nevertheless, the detection of the lowest uEV concentration in E could still result from uromodulin-caused vesicle aggregates, which would pellet at low-speed centrifugation and lead to vesicle loss \[[@bib0370]\]. Previously suggested sample treatment with dithiothreitol (DTT) was intended to alleviate uromodulin polymerization, but it was shown to be of limited usefulness or even completely unable to increase vesicle yield \[[@bib0325],[@bib0345]\]. Besides, a large proportion of vesicles might have gotten lost in the discarded supernatants of the first centrifugation steps, as already reported elsewhere \[[@bib0100],[@bib0200]\]. Associated therewith, huge technical biases are introduced during decanting and resuspension steps, which are part of the complex differential centrifugation procedure, as well as during high-speed centrifugations, which generate artifacts by EV clumping and vesicle rupture \[[@bib0100],[@bib0375],[@bib0380]\]. Moreover, the low scalable ultracentrifugation still requires a lot of time and cost-intensive equipment that might not be available in every laboratory, thus emphasizing the growing need for more efficient and cleaner EV purification methods, whilst allowing for comparability to previously conducted experiments.

In fact, two of the methods utilized here, spin column chromatography (A) and immunoaffinity (B), were free from calnexin and uromodulin contamination as illustrated by Western blot analysis. However, A did also not show any of the EV-specific marker proteins. According to Webber and Clayton, who suggested a high ratio of particles to protein content as a measure for high EV purity \[[@bib0385]\], that accounts for co-purified proteins, method A would reveal highly pure uEVs. But in the present case, this ratio might be delusive, since A seemed to rather purify EV quantities below the limit of detection, or vesicles with the complete absence of EV-specific protein markers. Furthermore, additional protein was introduced to the samples via bead-bound antibodies in B, which artificially increased the samples' protein content and erroneously lowered the EV purity ratio. This ambiguity emphasizes the conflated evaluation of proteomic and transcriptomic observations, especially when aiming at identifying the carrier of detected miRNAs.

With respect to transcriptomics, both A and B revealed only minor amounts of total RNA compared to C or D, which was most likely related to the differences in particle concentration. When accounting for these variances by using the same cDNA input amount for subsequent small RNA-Seq, total readcounts were higher in less EV-specific purification methods (C, D and E). Besides, the majority of generated reads in all of the applied methods appeared with less than 16 nt or remained unmapped, raising the question where they might derive from and whether they are of small uEV origin. It is already known that library preparation bares a huge risk for introduction of artifacts, such as adapter dimers \[[@bib0390]\], but sequences of RNA breakdown and exogenous origin, such as contaminants and bacteria, could also contribute to the high number of unmapped and short reads \[[@bib0395], [@bib0400], [@bib0405]\]. The relative mapping distributions, however, pointed towards method-dependent preferences in capturing different RNA species as suggested by a larger proportion of mapped reads to transfer RNA (tRNA) in C compared to the other methods. Though this phenomenon was already observed by others \[[@bib0055]\], the underlying reason has not yet been clarified. One attempt at explanation could be the incidence of co-purified urinary high-density lipoproteins, which carry considerable amounts of tRNA \[[@bib0365],[@bib0410],[@bib0415]\]. Nevertheless, when focusing on miRNA contents, the highest percentage was observed in uEVs isolated by D. Based on our protein analyses, which insinuated heavy co-purification, it is suspected that parts of the detected miRNAs might belong to extracellular RNA other than EV-derived. However, due to the high occurrence of nuclease activities in urine, which makes nuclease treatment redundant, the presence of RNA other than uEV-related is highly unlikely \[[@bib0420]\], even though it cannot be excluded completely, since extracellular RNA could be also protected by carrier proteins and lipids \[[@bib0140], [@bib0145], [@bib0150]\]. The second highest percentage of miRNA mapping reads was detected for uEVs obtained by B, though a lower RNA yield was obtained, most probably based on the positive selection of only CD63+/CD81+/CD9+-vesicles. Thus, the present results indicate that predominantly CD63+/CD81+/CD9+-vesicles contain large amounts of uEV-specific miRNAs, as the EV-specificity of immunoaffinity-based methods was confirmed by Western blot analysis and has already been established by others \[[@bib0425],[@bib0430]\]. The broad overlap of most of the individually detected miRNAs in B, D and E suggests that D and E also purify vesicles with high amounts of uEV-specific miRNAs, albeit with a lower degree of purity. However, even highly abundant miRNAs were still affected by method-dependent variations indicated by huge deviations in the number of miRNA-specific reads. Especially in biomarker discovery, this bares great risk for false negative or positive results. Overall, purification methods B--E still resulted in comparable miRNA profiles without prevalent significant differences, as also indicated by principal component analysis and hierarchical clustering. However, purification method A appeared to be clearly separated from the others, which we confirmed by detecting a large number of significantly differentially expressed miRNAs. The combined results of uEV characterization and small RNA-Seq results, hence, imply the isolation of a different subtype of small uEVs that also comprise miRNAs. Based on their size and the absence of detectable tetraspanins, especially CD63, these vesicles might be ectosomes \[[@bib0435]\], whereas the characteristics of the small uEVs purified by B--E are suspected to represent exosomes. However, since the investigation of the underlying biogenesis was not within the scope of this project, the unambiguous assignment to specific EV classes is not possible and care should be taken in naming the purified vesicles.

5. Conclusion {#sec0090}
=============

To conclude, proper selection of uEV purification methods depending on the research question is highly recommend. In the present study, we could confirm the general feasibility of small RNA-Seq for all the applied small uEV purification methods. However, minor and major deviations were observed, which have to be considered. The purest vesicles might be obtained by the positive selection via immunoaffinity (B), which enriched enough Alix+/Hsp70-/TSG101+/Syntenin+/EPCAM-/CD63+/CD81+/CD9+-uEVs to perform small RNA-Seq and indicated a high content of miRNAs. Whenever less pure vesicle preparations without further clean-up are sufficient, e.g. in some fields of biomarker research, precipitation-based (D), membrane affinity-based (C) purification methods and ultracentrifugation combined with density gradient (E) still emerge with highly comparable results. Special care should be taken when purifying vesicles by spin column chromatography (A), as a larger diversity of uEV subtypes seems to be obtained which provide a miRNA profile significantly different from those from more homogenous EV preparations. This again emphasizes the need for a combined evaluation of purified uEVs and the corresponding small RNA-Seq results to ensure a high degree of reproducibility and comparability.
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[^1]: Spin column chromatography (A), immunoaffinity (B), precipitation (C), membrane affinity (D) and ultracentrifugation combined with density gradient (E).

[^2]: Spin column chromatography (A), immunoaffinity (B), precipitation (C), membrane affinity (D) and ultracentrifugation combined with density gradient (E). miRNAs are ranked by their mean normalized reads over all groups. Method-specific variances in miRNA detection are indicated by their percentage deviations from the average miRNA-specific reads with standard deviations in brackets.
